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IN'D!ODUCTLON }J (7

) All previous research of this series of papers'™* has dealt \r.lth the
thernodynanics of folded-chain crystals of linear polymers or copolymers.
This type of crystal is metastable, However, during the course of the pre=-
viocus research it became clear that in many cases experirentally a heating
path approximating zero emtropy production could be followed. 7This mode of
beating leads directly from the metastable crystal to the metastable melt.

Reorganiszation, recrystallization and superheating have been avoided by a

suitable choice of heating rate. This 2llcwed an “equilibriun™ description

Recently extended molecular chain crystals have been prepared in our
laboratory.>~® These crystals should be close to equilibrium crystals and
accordingly of great interest to the understanding of the themodynamie: of
1inear crystalline high polymers. :

In this paper Tresearch on the welting behavior of extendad-chain co~
polymer crystals of ethylene with propylene and ethylene with butene«l will
be described. The copolymers are identical to thoge of the folded-chain co-
polymer crystals investigated in the previous paper of this series.* Sig-
nifi{cant differences in maximum experimental melti.ng point, nelting range,
and crystallinity have been found.

. EXPERIMENTALY

A, Saﬁplac , '
The polymers were identical to those of the last paper.® Table 1 gives
tha characteristics of the reference polyethylene and the copolymers of eth-

ence polyethylene and butene-l copolymers were newly characterized by the
gel permeation method.

~

N ylene and propylene and the copolymers of ethylene and butene-~l. The refer~
N

N

All samples were linear polymu:s. polymerized at low prn:ure and tem-
perature.

Table 1.

&

sample " |Désignation|side Groups/100 Carbous| W "ﬁ;“

Polyethylene Py o 9,8C01130,000
Ethylene~propylene Py . 0.2 - -
Ethylene~propylene Py 0.7 - .-
Ethylene-butene-l B, . 0.3 - 11,000{110,000
= Bthylene-butene-1 B, ’ 0.9 : 9,100:120,000
Ethylene-butene-1-|- - By - |- . . 1.0 . -+ {10,000{ 88,000}
Ethylene~-tutene~l B, 1.7 10,000{120,000

Microfiche (MF)

653 July 65

RolS i1 &

*Present address: Teijin Ltd. 2-22, Uchisaiwal-cho -Chiyoda~ku, Tokyo,
Japan. : _ ‘
part of the work sponscted by the Advanced Research Projects
Agency was perfcrmed in the m:emhtry Department of Cornell Univeuity.
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IPor full detail see Ph. D. Thasis of T. Arakawa, Dept. of M:try. 1

XERO
s=?) fe




. : B. Crystallisation

Crystallizations were carried ou. elevated hydrostatic pressure,
" The 5-10 g sample was enclosed in cil~ t drass bdellows which in turn were
iomersed in the hydrostatic oil of the pressure vessel. The pressure was
kept constant by automatically pumping oil into or cut of the pressure ves-
sel.?  7The accuracy of the pressurestat was 21.5%, The temperature was reg-
ulated by ther:.ostatically controlled heaters froam the cutside of the pres-
sure vessel, The terperature was controlled to about +1°C. Reproducible
cooling was achieved by meuns of a linear texperature programmer. All sam=
ples were heated to 227°C, then pressurized within four to five minutes to
between 4100 and 2900 atm, After remaining at this pressure for 20 hours
cooling to room tempersature at constant pressure was carried out at a rate
of 1.6°C/hour. At room texperature the pressure was released and the sample
wes removed from the bellows for further analysis.

C. Analysis

The deneity at 25°C was measured in a toluene~chlorobenszene demsity
gradient colusm. Comercisl glass floats, accurately measured to
10~3 g/cr3, made up the references, By employing small density gradients
accuracies of #0.0002 g/cm® could be achieved. About l-un? pieces were cut
from the sacple and irmersed in toluene under vacuum to avoid adsorbed air
bubbles. Density crystani.nities were calculated using the expression

va—v

cwuz__—__c_a (1)
V_ =Y
a c

v is the sample specific volume, while va is the amorphcus specific volume
and v iz the X-ray crystalline specific volume. For v Swan's value of
1.001 ml/g was used,® while v, was assuzed to be 1,173 ml/g. The latter is
an average value from data by Gubler and Kovacs’ and Rielsen.®

The changes in specific volume with temperature were measured with dil-
atometers. The procedure esployed by Bekkedahll! and Aggarwal et al. 12 Gas
closely followed. The bath control over long time intervals was better than
20.1°C at 140°C. The volume change was followed with 2 cathetometer. Tem-
perature changes were carried out stepwise. Measurements were only made
after no change in beight was observed within one hour. Wwhen melting was go-
ing on generally 12 to 24 hours were needed for each measured point. The
specific voluue was calculated from the 25°C density, the height of the mer-
cury colunn and the thermal expansion correction of the reservoir.

The crystallinity calculations were made eccording to equation (1),
The temperature dependence of V, as given by Flory*® was used.

‘6c = 0,993 + 3.0 » 10™* ¢ )

Equatfon (2) is based on X-ray unit cell determinations by Cole and Holmes'*
end by Swan.® As a weans of avoiding systematic errors such as capillsry
diareter variation, deviation from the vertical, trapped air etc. a correc-

tion was applied to V,, such that vy is a linear function of temperature and
that the amorphous specific volume is 1.173 ml/g at 25°C.

T = 1,173 + [(v, () = 1.173)/(t, = 25)](E = 25) .
a

'\?‘(to) 13 a point on the experimental Vv versus t curve at t,, somewhat above

A Cornell Universitv. 1964. PRI 2
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the melting tecperature. This procedure does not introduce a serious error.
¥, thus calculated for any of the samples does not deviate by more tham 0.01
ml/g for the generally accepted valueg at 140°C.

pifferential therrmal analvsis was performed using the previocusly de-
scribed apparatus.? A detailed discussion of the apparatus can be found in
the thesie of Dr. Bodily.'® The weight of the sample was controlled to
0.50 £ 0.01 g. The heating rate used was 1,50°C/min in the melting range.
The beginning of melting was arbitrarily taken where the temperature differ-
ence recording deviated frem the base line by 5% of the total welting peak
height. The experimental maximum melting point is defined as the texpera=
ture where the last detectable acount of heat of fusicn is absorbed. The
procedure to obtain this point was described previously.?® The sample iron-
constantan thermocouple was calibrated against a certified platinum resist~
ance thermometer. The overall recorded temperature error was zbout 0.1°C.

For study of the change of the melting range with heating rate the com-
zercial Du Pont 900 Differential Thermal Analyzer!® was used. With this ap-
paratus controlled heating rates ranging from C.5°C/min to 80°C/min were
available, Snall amounts of sauple mixed with glass powder were heated in
2-zm dlameter glass tubes. The analysis of the data is similar to that men-
tioned above, although the maximmm melting point could not be extrapolated
for this equipment.

Caleriretric messurements were carried out with a Perkin-Elmer Differ-
ential Scapning Calorimeter.l7 Five to 10-mg samples which were weighed to
210 micrograms were placed in ar aluzinua pan and encapsulated by sealing
with an aluminum cover. An erpty pan was placed in the reference holder.
The heating rate was 2.5°C/min. Basides time and temperature, a signal pro-
portional to the differential power input between reference and sample was
recorded., The area undermeath the melting peak of the differential power -
recording was measured with a planimeter. This area is proportional to the
heat of fusion. Arbitrarily the area of sacsple P, was set equal to 9%%
crystallinity or 60 cal/g heat of fusion. The disagreexent with the demsity
crystallinities can be traced back to difficulties in base line estimation,

so that in general only the general trends of AR and crystallinity are of
interest.

RESULTS

The results of density, DTA, dilatemetric, and calorimetric seasure-
ments are summarized in Table 2. The crystallization conditions column
1i{sts the conditions which were kept for 20 houvs before cooling to room
temperature at constant pressure with a rate of 1.€°C/hour. The crystalli-
zation conditions are such that most of the crystallization took place dur-
ing the cooling process. Figure 1 shows the DTA-traces of reference poly-
ethylene and ethylene-butere-l copolymers. Less sample weight (0.43 g) was
used for polyethylene in order to avoid scaling ocut. Figures 2 and 3 give
the crystallinity curves for the polymers. The melting points as extrapo-
lated from speciric voluue plots are incdicated by arrows. A£s can be seen
from the figures and Table 2, there is a discrepancy between the melting
points found by dilatometry and those by DTA. In order to elucidate this
rhenomenon. the dependence of DTi peak temperatures on the rate of heating
was studied. The results are illustrated in Figure &. The curves give ovis
dence of superheating. o . 3
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) tn inspection of Table 2 and Figures 1 to B the following gemeral
o trends can be discowered: -

(a) Tte coxicu-s velting point, which corresponds to the last, and perbaps
noet perfect, crystal in the ¢istribution relting does not change with
changing copelyzer content. Tuls is in contrast to messurcrents on the sare
copolyuers cristallized to a folded—chain crystal worphology at ataospberic
precsure, e  The dilatoretric eaxizua relting point of 21l polyrers re-
ported on In this pener l= 138° 2 ©.8°C. This texperature s below the
naxizts celting teuperature of polyzethylens (151.£°C) crystellized in tha
extondod~chain confornaticn. The suall verlotion in T of »10.8°C goes
larzely perallel with the azocunt of low wolecular weizht material in the
polrethvlena anéd the copolymers, tut not parallel with the cepolyuer content
as can ba seen froxw Tabla 3.

_Table 3.

izizht % under . Melting Point

137) & lLenath L ) Sarple
39 138.7 B,
'S 1384 B,
by 138.2 By
58 137.2 B,y
us {133.6] 3,

The arbitrarily defined tecinning of veltins on tha other hand {s within ths
sccuracy of its detercination the saze for stuospheric~pressure slowly crys-
tallized polyver and high~pregsure slowly crystallized polyzer, WHith ine
creasing copolyier contant it drops fron about 125°C for ths homopolymer to
85°C for the B,-sanple,

{b) The ecrvstallinity as calculated by density calculztion decreassces salioost
iinsurly with increagsing concentration of foreign yrcups, #£s fn the atmog-
pheric~pressure folded-chain corphologs crystals about 27 Ci; groups sre
hindered on crystallization by the introduction of & single copolyuer
tranch., The increace in density achivved in crystallizaticn at elevated
pressure decresses from .09 g/ew? for polyethylene to G,3u8 g/cs® for same
ple 3, indicatiag tbat for perhsps three to four copoljuer branches per 139
chsln arous the crystallinity for both modes of crystallizutfon is the sace.
The owerall celting curvas of sigures 1 &4 3 show that thare avre two differw
ent types c¢f crystuals nelting. -ne iz the fraction which gives risa to the
unchanged hich .axfcus malting point. Its nelting range {e approxiuately
5°C wide. The other fractiocn stretches to the torperature at which celting
begins. The fructiom of the low melting muterial increases with Increaeing
copolyser conteat frou 27e to 33%, while tha fraction of kigh and eharply
L . ~ melting vaterlal decresses quickly from 724 to Ba.

{c) 4= Table 2 shows, the celting points ucasured by DYA are gocewhat
higher then these cbtained by dilatozetry, indicating that the tise allowed
for zelting wag insufficient, Figure 4 gives ecre detail for sezples B, end
polyethylene. & typicel guperhestini® curve is obtainzd for the bigh tome
perature celting crystale. 1his weans that the extenced-chain crystals of
the polvethylene and copolyver ere superheated by as cruch as 5.5°C when tho
beating rate 1¢ S2°C/min or faster, It can elso be geen that the copolyier
superheating {s sovewhat less than that of the pelyethylens, fndicating
either analler crystals or faster telting rates. The low tasperature uvelte
ing fraction of crystale does not chang> its welting range in the spread of

rates investigated indicating agaln sualler, less perfect or faster~melting
crystals.

Fron the above it tust be concluded that the investigated copoiycers
form at least partfally bigh-celting extenced-chain crystals which camn be S

£ .
e XERO ) XERQ
E6RY 3oRY oy {xeRe
!\corsv , ) o ) - e . -~

- Py - S - - [




xcno(

LC()’, Y

superheated easily. The unchanged equilibrium melting temperature of these
points to the fact that thermodynamically CH; and the copolymer units form a
solid solution. Although this ode of crystallization is favored at high
pressure and temperature, it becowes increasingly wmore difficult on intro-
duction of more side groups. No high tewperature relting pesk could be pro-

duced on high-pressure crystallization of a branched polyethylene (3.3 side
groups/100 chain atoms). :

From our previous atmospheric-pressure cryatallizations,®s!S which led
to folded-chain crystals and the present results it must be concluded that
the copolymers investigated can form either crystals with amorphous defects
which act thermodynawically like a rejected species or solid solution erys~
tals., tbich alternative is found in the case at hand seems to depend on
kinetic congiderations. In support of this hypothesis the following addi-
tional evidence can be cited: It has been reported!?® that the zelt viscos~
ity of polyethylene at high pressure is increased by the introduction of
side branches. This could explain why the foruwation of large extended mo-
lecular chain crystals, which requires lcng-range segrental diffusion, will
be more disfavored by the introduction of side branches. Another indication
that the inclusion of ethyl and methyl groups in polyethylene crystals in
the form of a so0lid solution or an azorphous defect is a kinetic effect
cozes from experiments of Flory amnd coworkers.!? They found cn very care-
fully (slowly) crystallizing polymethylene copolymers a possible inclusion
of less than one side chain per 100 carbons without change in melting point
even at atiospberic pressure conditions. Ethyl and propyl or larger amounts

of methyl groups could however not be included in the crystalline copolyzer
without change in maximum melting point.
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Figure 1: A=-traces of polyethylene and ethylene-~butene~l copolymers,
B - “Successive traces are shifted by varying amounts.

L T T e

FIGURE 2

100 |||.__|_l_1|1|||111.LL111lH|1

Cryst. ]
(%) . ——y

I ) A

° 0
¢ 0o
°
.%o

‘e
Y =

(A
L]
o

70
60—
50—
40
30
20
10—

51 i ." %: —

»

llll]lillllljllrl1ll|ﬁt|1—_

25 50 75 100 125 510)

Temperoture ("C)

Filled circles, P,; open circles, P,; triangles, P,.

i ,, ]

s peclymers.,

CREREE TR T ey



25 50 75 100 125 150
Temperature (°C )

Figure 3: Crystallinity versus teumperature ‘of the B-seri.es polymers.
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Pigure &: Melting peak temperature measured by DTA as a function of
heating rate.
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